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Zero-field splitting of Kondo resonances in a carbon nanotube quantum dot
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We present low-temperature electron transport measurements on a single-wall carbon nanotube
quantum dot exhibiting Kondo resonances at low temperature. Contrary to the usual behavior for
the spin-1/2 Kondo effect we find that the temperature dependence of the zero bias conductance is
nonmonotonic. In nonlinear transport measurements low-energy splittings of the Kondo resonances
are observed at zero magnetic field. We suggest that these anomalies reflect interactions between
the nanotube and a magnetic (catalyst) particle. The nanotube device may effectively act as a
ferromagnetically contacted Kondo dot.
PACS numbers: 72.15.Qm,73.22.-f,73.23.-b,73.63.Fg,73.63.Kv
Transport measurements on individual single-wall car-
bon nanotubes have demonstrated their potential for
nanoscale electronics,1 ranging from high performance
field-effect transistors to ideal one-dimensional quantum
dots with well-defined spin structure.2,3 The latter de-
vices may even have prospects for solid-state quantum
computing based on the electronic spin,4 although fun-
damental issues regarding spin relaxation and decoher-
ence still need further investigations in addition to the
requisite progress in device processing.
A prominent example of quantum coherence and spin
physics in quantum dots is the Kondo effect5,6. Below the
Kondo temperature, TK , an extended many-body state
arises from the interactions between a localized electron
spin on the dot and the conduction electrons in the leads.
Kondo effects have been found in quantum dots based on
carbon nanotubes7 and in single molecule transistors.8 In
contrast to semiconductor dots, these systems allow for
studies of Kondo effects in devices with different types of
contacts, e.g. superconducting or magnetic electrodes. A
nanotube Kondo dot coupled to superconducting elec-
trodes has been realised,9 and magnetically contacted
quantum dots in the Kondo regime was reported recently
in molecular transistors.10 We present here experimental
data on a nanotube quantum dot, where the Kondo res-
onances are split at zero field. We interpret this as evi-
dence for coupling of the dot to a ferromagnetic impurity
(in the form of a catalyst nanoparticle).
Our devices incorporate single-wall carbon nanotubes
grown by chemical vapor deposition (CVD) on an SiO2
substrate.11 Ferric iron nitrate nanoparticles deposited
from a solution in isopropyl alcohol acted as catalyst for
the CVD process, which was carried out in a tube fur-
nace by flowing methane and hydrogen over the sample at
900◦C. This process yielded mostly individual nanotubes
with diameters in the range 1-3 nm as determined by
atomic force microscopy. The nanotubes were contacted
by thermally evaporated metal electrodes (35 nm Au on
4 nm Cr), spaced by 250 nm and patterned by electron
beam lithography. Highly doped silicon below the 400 nm
SiO2 cap layer acted as a gate electrode, see Fig. 1(a).
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FIG. 1: (a) Schematic of nanotube device, comprising a
single-wall carbon nanotube, two Cr/Au electrodes (source
and drain), and a doped Si gate underneath the SiO2 cap
layer. (b) Differential conductance dI/dV as a function of
source-drain voltage V for gate voltages Vg = −5.10 V (solid)
and Vg = −5.15 V (dashed) at temperature Tel = 80 mK. (c)
Plot of dI/dV as a function of V and Vg (color online). The
dashed line corresponds to the solid trace in (b).
Electron transport measurements were carried out in a
dilution refrigerator with a base electron temperature of
Tel ∼ 80 mK as estimated from the device characteris-
tics. The two-terminal conductance was measured using
standard lock-in techniques with ∼ 5 mV ac excitation
and voltage bias V applied to the source with the drain
grounded through a low-impedance current amplifier.
In the appropriate range of back-gate voltage, Vg, the
room temperature conductance is around 1.8 e2/h and
only weakly dependent on gate voltage Vg (not shown),
indicating that the conducting nanotube is metallic. At
low temperature, the differential conductance, dI/dV , of
the tube in the same range of back-gate voltage shows
a strong dependence on Vg, as seen in Fig. 1(b). The
overall characteristics of the device are more clearly seen
from the 2D plot of dI/dV as a function of source-drain
voltage V and gate voltage Vg in Fig. 1(c). The dominant
dark regions of low conductance are caused by Coulomb
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FIG. 2: (a) Temperature dependence of the zero-bias conduc-
tance G for the resonance shown in Fig. 1b (Vg = −5.10 V).
(b)-(e) dI/dV as a function of V for the same resonance, at
temperatures 80 (b), 145 (c), 220 (d), and 550 mK (e).
blockade (CB) while the sloping bright lines are edges of
the CB diamonds, where the blockade is overcome by the
finite source-drain bias.12
Moreover, faint light horizontal ridges of high conduc-
tance around zero bias are seen in Fig. 1(c). These ridges
occur in a alternating manner, for every second electron
added to the nanotube dot. They are consistent with
Kondo resonances induced by the finite electron spin
S = 1/2 existing for an odd number N of electrons where
an unpaired electron is localized on the tube.7 The zero
bias resonances are absent for the other regions (with
even N) where the ground state spin is S = 0. A finite
source-drain bias eV ∼ kTK suppresses the Kondo effect
and the resonances are thus expected to appear as thin
horizontal lines at V = 0 in Fig. 1(c), or equivalently as
narrow peaks in dI/dV as a function of V . However, we
note in Fig. 1(b) that in fact a fine splitting of the Kondo
peak is observed.
Fig. 2 shows the temperature dependence of the zero
bias conductance. We find a nonmonotonic temperature
dependence in contrast to the usual Kondo resonances
where the linear conductance, G = dI/dV |V =0, scales as
G ∼ − log(T ) for T ≫ TK and decreases monotonically
with increasing T . In the present device the conductance
increases with T up to around 200 mK, where G satu-
rates at 0.05 e2/h. For higher T (above ∼ 500 mK) G
decreases as expected. The accompanying dI/dV plots
in Figs. 2(b)-(d) show the peak profiles at various tem-
peratures. We note that the splitting is only observed
at the lowest temperatures, corresponding to the range
where G(T ) is increasing. Similar behavior is found for
the other Kondo resonances in Fig. 1(c), although the
magnitude of the splittings vary between the different
resonances which involve different orbitals.
In a previous study of a semiconductor quantum dot in
the Kondo regime double resonance peaks were found for
an S = 1 ’two-stage’ Kondo effect, where two different
energy scales result in the appearance of a dip in the
peak.13 However, this scenario does not apply to our case
since the Kondo resonances here only exist for S = 1/2 as
seen from the regular even-odd alternations in Fig. 1(c).
Application of an external magnetic field will normally
-0.2 0.0 0.2
0.0
0.1
0.2
-0.5 0.0 0.5
0.0
0.1
0.2
∆V
ba
0.5 T
-0.5 T
 
 
dI
/d
V 
 
(e2
/h
)
V  (mV)
 
 
∆ V
 
 
(m
V)
B (T)
FIG. 3: (a) Magnetic field dependence of dI/dV as a function
of source-drain voltage V for the peak in Fig. 2(b) at base
Tel = 80 mK. The applied magnetic fieldB was increased from
−0.5 T (dashed) over 0 T (thick) to 0.5 T (dotted) in steps
of 0.1 T. Subsequent curves are offset by 0.01 e2/h for clarity.
(b) Peak splitting ∆V as a function of applied magnetic field
B for the data in (a) (solid) and another series where B was
swept from 0.5 T to −0.3 T (open).
cause the S = 1/2 Kondo resonance to split into two
components with a peak spacing ∆V = 2EZ/e, where
EZ = (1/2)gµBB is the electron Zeeman energy.
5 For
the resonance in Fig. 1(b) the splitting is ∆V ≈ 0.12 mV,
which would correspond to an external magnetic field of
0.51 T, since g = 2.0 for the conduction electrons in
metallic carbon nanotubes.2 Such a large external field
offset cannot exist in our experiment.14
The magnetic field dependence for the resonance in
Fig. 2(b) is shown in Fig. 3(a). The resonance is split for
all fields. At large field the splitting grows as expected for
the Zeeman splitting of a Kondo resonance. However, the
minimal splitting is in fact achieved at a small finite field
B ∼ 0.15 mT, see Fig. 3(b). The splitting and asymme-
try in field are significant and cannot be explained based
on a model of a purely non-magnetic quantum dot in a
weak external field.
Nanotubes can couple electrically to metal nanoparti-
cles. For example, Ref.15 demonstrates that a nonmag-
netic gold nanoparticle placed in the gap between two
nanotube segments can form a single-electron transistor
with the nanotubes acting as leads. The sensitivity of
the electronic properties of nanotubes to the presence of
magnetic particles adsorbed on the tube walls has been
proven by low-temperature STM measurements on tubes
with Co clusters.16,17 We interpret the splitting of the
Kondo peak as resulting from contact with a ferromag-
netic particle, presumably from the iron-containing cat-
alyst material used to grow the nanotubes.11,18 Theoret-
ical work has shown the Kondo resonances persist when
coupling a quantum dot to two ferromagnetic leads, how-
ever, the Kondo peaks in dI/dV may split, even in the
absence of an external magnetic field.19,20 It is antici-
pated that this result would also apply for dots cou-
pled to just one magnetic lead. It has recently been
shown using numerical renormalization group (NRG)
theory that the conductance for such a one-magnetic-lead
quantum dot would exhibit a nonmonotonic temperature
dependence.21 These results support our interpretation
3that the splitting of the Kondo resonances in our device
reflects interactions of the quantum dot with a magnetic
impurity.
In conclusion we have observed clear splittings of the
Kondo resonances in a nanotube dot at zero field. Inter-
estingly, gaps below 1 meV were recently observed in an-
other nanotube quantum dot,22 but T or B dependences
were not reported, precluding detailed comparison to the
present data. We propose that the Kondo resonances in
this study has probed the effect of a magnetic impurity on
electron transport in a carbon nanotube device. Future
experiments allowing gate-controlled interaction with a
ferromagnetic particle will provide important further in-
formation on the effects of ferromagnetic particles23 on
quantum transport in nanotubes. Until now all published
studies on the effects of defects on nanotube transport
have considered nonmagnetic impurities or defects, for
instance charge traps in gate oxide, atomic defects, con-
taminant particles, kinks, and normal metal particles.
Meanwhile, in most fabrication methods for single-wall
nanotubes magnetic particles from the catalyst remain
in the material after growth,11,24 although a catalyst
free route for single-wall nanotube synthesis was devised
recently.25 It should be feasible to probe nanotubes cou-
pled deliberately to individual magnetic particles, eg. by
moving them into contact by AFM manipulation.15 Like-
wise, it would be desirable to achieve high transparency
contacts to lithographically defined ferromagnetic elec-
trodes. Nanotubes have already been contacted by mag-
netic electrodes,26 but in all reported studies the trans-
mission was too low to allow for Kondo resonances to
form. Notably, controlling or eliminating unwanted inter-
actions with magnetic materials will be crucial for exper-
iments on spintronics as well as electron spin resonance
and quantum computing in nanotubes.
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